The Pasteurella haemolytica leukotoxin determinant is composed of four contiguous genes encoded on the same DNA strand and denoted IktCABD, in the order of their genetic organization. To gain a better understanding of the expression and regulation of the leukotoxin, the transcripts and promoters of the Ikt determinant were mapped. Northern (RNA) blot analysis revealed two sets of transcripts. One set was 3.7 and 3.4 kilobases long, encoded ikICA, and comprised approximately 90% of the transcripts, whereas the other set was 7.4 and 7.1 kilobases long and encoded iktCABD. Two promoters were present, and each had features similar to the Escherichia coli consensus promoter sequences. Both promoters were located upstream from ikWC; they were separated by 258 base pairs, as mapped by primer extension analysis. These results suggest a mechanism of expression similar to that of the related E. coli hemolysin. Transcription initiated upstream from IkiC at either promoter and continued through IktC and IktA to a rho-independent transcriptional termination signal in the lktA-lktB intercistronic region. This signal attenuated expression by terminating 90% of transcription to generate the 3.7-and 3.4-kilobase ikiCA transcripts. The remaining readthrough transcription generated full-length 7.4-and 7.1-kilobase lktCABD transcripts. Expression of the leukotoxin was greatly reduced by growth at 30°C, pH 6.5, and Fe2+ limitation. These conditions also modulated the expression of a number of other secreted proteins, which suggests that all of these secreted proteins are controlled by the same regulatory mechanism.
The Pasteurella haemolytica leukotoxin is a major virulence factor in the pathogenesis of bovine pneumonic pasteurellosis (25, 40) and is a member of a widely disseminated gene family, the RTX cytotoxins (33) . The RTX family has been identified in a number of pathogenic bacteria in addition to P. haemolytica, including Bordetella pertussis (10) , some Actinobacillus species (R. Y. C. Lo, manuscript in preparation), and a number of members of the family Enterobacteriaceae (21, 37) . The prototype and most highly characterized member of the family is the Escherichia coli hemolysin determinant (5, 15) .
The E. coli hemolysin determinant is composed of four contiguous genes designated hlyC, hlyA, hlyB, and hlyD in the order of their genetic organization; hlyC and hlyA are involved in the synthesis of an active toxin (27) , whereas hlyB and hlyD encode a secretion function (24, 36) . Of the various hly determinants that have been isolated, only two are fully characterized; one is encoded on the E. coli chromosome and cloned on pSF4000 (5) , whereas the other is encoded on plasmid pHlyl52 and cloned on pANN202-312 (15) . The two hly determinants are virtually identical throughout their coding and intercistronic regions yet share little homology in their flanking regions (15) . Expression of the hly determinants is complex and differs between the two loci. The chromosomally encoded determinant is expressed from at least one promoter upstream from hlyC and generates hlyCAand hlyCABD-specific transcripts (38) . A transcriptional terminator in the hlyA-hlyB intercistronic region serves to attenuate expression so that nearly all of the transcripts are hlyCA specific (38) . Expression of the plasmid-encoded determinant involves three promoters, all upstream from hlyC (22) . A cis-acting element located upstream from hlyC, termed hlyR, functions to interfere with the transcriptional attenuator such that the majority of transcripts are full-length hlyCABD (20, 35) . In both hly determinants, regulation of expression is controlled primarily by the growth rate of the cell (16) , although the process remains uncharacterized.
The P. haemolytica lkt determinant shares the same genetic organization as the E. coli hly determinants, with nucleotide sequence homology restricted to the respective coding regions (23, 33) . The intercistronic and flanking sequences differ markedly between the lkt and hly determinants, and it is not clear from sequence data alone how the leukotoxin is expressed or regulated. To gain an understanding of the expression of the leukotoxin and regulation in pathogenesis, we mapped the transcripts and promoters involved. We report here that expression of leukotoxin resembles that of the chromosomally encoded hemolysin and is apparently modulated by growth temperature, pH, and Fe2+ limitation.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. P. haemolytica serotype 1 was as described previously (23) . Plasmid pLKT52, which encodes the entire leukotoxin determinant, has been described elsewhere (33) . The LKT-1 DNA used for the primer extension analysis was purchased from the Regional DNA Synthesis Laboratory (Calgary, Alberta, Canada) and has the sequence 5'-GGAGGGAGGAGTT CATCC-3', which is complementary to nucleotides 64 through 47 of lktC (23) .
Brain heart infusion (BHI) medium was purchased from Difco Laboratories (Detroit, Mich.). For modified BHI medium, the pH of BHI was altered from its normal value of 7.3 by using 1 M NaOH or 1 M HCl. The recipe for YT broth is 12 g of tryptone and 5 g of yeast extract per liter, with the pH adjusted to 7.3 by using 1 M NaOH.
Enzymes and chemicals. All restriction endonucleases and DNA-modifying enzymes were purchased from Bethesda (32) . All glassware was soaked overnight in 3 M nitric acid to leach out trace elements and rinsed with double-distilled water. RNA extraction and Northern (RNA) blot analysis. Total cellular RNA was extracted by the method of Hagblom et al. (12) , except that cells were grown in broth culture. Where indicated, cultures were shifted from modified BHI medium by centrifugation (2,000 x g for 5 min), and the cell pellet was suspended in the original volume of prewarmed unmodified BHI. For Northern blot analysis, 30-,g RNA samples were denatured in 1 M glyoxal-50% dimethyl sulfoxide and separated by agarose gel electrophoresis, as described by McMaster and Carmichael (26) . The RNA was electrophoretically transferred to GeneScreen Plus hybridization transfer medium (Dupont, NEN Research Products, Boston, Mass.) as suggested by the manufacturer. An RNA ladder (Bethesda Research Laboratories, Burlington, Ontario, Canada) was included as a size reference in each gel.
Restriction endonuclease fragments of pLKT52 were purified from low-melting-point agarose gels with GeneClean (Bio 101, La Jolla, Calif.) and labeled with [X_-32P]dATP (3,000 Ci/mmol) by nick translation (31) . Probes were hybridized overnight in 50% formamide-1% sodium dodecyl sulfate (SDS)-1 M NaCl-10% dextran sulfate at 42°C. The blots were washed for 5 min in 2 x SSC at room temperature (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate, pH 7.0), for and the mixture was incubated at 37°C for 10 min. After chasing with 1 ,ul of 0.1 mM dATP for 10 min, the reaction was stopped by the addition of 5 [lI of formamide tracking dye (95% formamide, 10 mM EDTA, 0.1% xylene cyanol, 0.1% bromophenol blue). To provide a reference for this analysis, the LKT-1 oligomer was used as a primer in a standard dideoxy-sequencing reaction with previously subcloned DNA from pLKT52 as a substrate (23) . The primer extension and reference samples were boiled and separated by polyacrylamide gel electrophoresis followed by autoradiography as described previously (23) . Immunoblot analysis. Supernatant proteins from late-logphase cultures were concentrated by precipitation with trichloroacetic acid (final concentration, 6%) and then separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose filters as described previously (23) . After overnight incubation with the anti-LktA serum (1/500 dilution), the filters were washed and the presence of bound rabbit antibody was detected by using a goat anti-rabbit immunoglobulin G-alkaline phosphatase conjugate and color development reagents (23) .
RESULTS
Mapping of lkt-specific transcripts. The P. haemolytica leukotoxin is synthesized by actively growing cells, and LktA, the toxin structural protein, can be detected in the supernatant of log-phase cultures (23) . To determine the optimal growth phase for expression of the leukotoxin as well as to characterize the transcripts involved, total cellular RNA was extracted from P. haemolytica grown in BHI medium at various phases of the growth curve (as monitored by the OD6. of the culture) and analyzed by Northern blotting. The RNA samples were hybridized with a probe encoding the entire leukotoxin determinant (Fig. 1 ). An autoradiogram of the blot is shown in Fig. 2A . Four distinct transcripts were present, indicated at 7.4, 7.1, 3.7, and 3.4 kilobases (kb). The 3.7and 3.4-kb transcripts were the most abundant, with the 7.4and 7.1-kb transcripts being detectable only after long exposures. The high background was due to intermediates in the synthesis and degradation of full-length transcripts and is a common artifact seen in Northern blots (6, 12) . The 3.7and 3.4-kb transcripts were difficult to resolve above the background in Fig. 2A (due to the long exposure time) and were more clearly detected in Fig. 3 intensity of the four transcripts at each interval ( Fig. 2A ). This pattern of expression correlated with the synthesis and secretion of the leukotoxin; LktA was present in the culture supernatant beginning in early log phase and continued to accumulate until mid-log phase, after which further secretion of LktA was greatly reduced ( work in this study concerning the expression of the leukotoxin determinant utilized RNA extracted from early-logphase cultures (i.e., OD6. of 0.10 to 0.20), in which lkctspecific transcripts were most abundant.
To map the transcripts with respect to the genes they encoded, replicate Northern blots were hybridized with probes that encoded the individual WkC, WkA, 1ktB, and lktD genes, as well as the flanking regions of the determinant (Fig.  1) . The lktC and lktA probes hybridized to all four transcripts and the lktB and lktD probes hybridized only to the 7.4 and 7.1-kb transcripts (Fig. 3 ). The probe from the 3' end of the determinant did not hybridize to any RNA, which indicated that this region was not transcribed. From these data, it was clear that there were two classes of transcripts expressed from the determinant; the 3.7-and 3.4-kb transcripts encoded lktCA, whereas the 7.4-and 7.1-kb transcripts encoded lktCABD. The lktCA transcripts were the most prolific and accounted for approximately 90% of the lkct-specific mRNA. The l/ctB and l/ctD genes were always expressed as part of the l/ctCABD transcript, and there were no unique l/ctBD transcripts. Note also that there were no further transcripts downstream of l/cD, and the rho-independent transcriptional termination signal 12 base pairs (bp) downstream of lktD (33) delineated the extent of transcription from the leukotoxin determinant.
Mapping of lkt-specific promoters. Together with the known size of the four leukotoxin determinant genes (3.4 kbp for l/ctCA and 7.1 kbp for l/ctCABD) (23, 33) , the data given above suggest that the leukotoxin determinant is expressed solely from the region upstream from 1/ctC. To map the position of possible promoters in this region, a primer extension analysis was used. RNA was annealed to the LKT-1 DNA oligomer, which is complementary to the predicted l/ctC transcripts, and reverse transcriptase was used to extend the primer back to the 5' end of each transcript. This analysis identified potential transcriptional start sites and, by implication, potential promoter sequences. Figure 4 is an autoradiogram of a sequencing gel which contained sequences reading down to the Shine-Dalgarno site and initiation codon of l/ctC. In the primer-extended RNA sample, there are two sites where the transcripts had 5' ends, indicated as transcriptional start sites at -32 and -290 bp with respect to the lktC initiation codon. The nucleotide sequence of the region upstream from l/ctC ( Fig. 5) is numbered according to the sequence of the leukotoxin determinant as presented previously and in Fig. 4 . Each of the potential transcriptional start sites established in the primer extension analysis had a likely promoter sequence associated with it ( Fig. 4 and 5 ) as judged by homology to the E. coli consensus -10 and -35 promoter sequences (14) . This suggests that there were two promoters which were active in expression of the determinant, both upstream from W/cC; the promoter designated P1 generated the 3.7-and 7.4-kb transcripts, whereas the promoter designated P2 generated the 3.4-and 7.1-kb transcripts. An alternative interpretation of these data, that only the P1 promoter, which generated transcripts that were in turn processed at a site downstream from initiation to generate the two 5' ends, was active, received no experimental support (such as the presence of RNase III cleavage sites) yet cannot be discounted. In either case, the 5' ends were 258 bp apart, matching the difference in length between the two types of l/ctCA and lktCABD transcripts as detected by the Northern blots.
Modulation of LktA secretion. The leukotoxin determinant is expressed maximally during early-log-phase growth in BHI medium. To establish conditions which modulate this expression, P. haemolytica was grown under a variety of different conditions and the culture supernatant was screened for the presence of LktA by immunoblotting of trichloroacetic acid-precipitated proteins. The secretion of LktA was not affected by growth at 40 or 37°C (the normal growth temperature) and was slightly reduced at 35°C, yet was not detectable at 30°C (Fig. 6A) . Similarly, in growth in BHI at pHs of 8.0, 7.5, and 7.3 (the normal pH of BHI), none of the pHs had any effect on the levels of secreted LktA, whereas at pHs of 7.0 and 6.5, the level was progressively reduced (Fig. 6B) . To test for modulation by iron stress, the Fe2+ chelator EDDA was added to BHI; secretion of LktA was not affected at 25 puM EDDA yet was greatly reduced at 50 and 100 ,uM EDDA (Fig. 6C ). When 1 mM FeSO4 was added to the 100 ,uM EDDA sample, the level of secreted LktA was restored, which showed that Fe2+ is required for secretion of leukotoxin (Fig. 6C) .
A number of other growth conditions were tested, but none had any significant effect on the levels of secreted LktA. These included growth in BHI supplemented with 5 mM CaCl2, CsCl2, FeSO4, KCI, MgCl2 or NaCl; 100 ,uM EDTA; or 1 mM EGTA [ethylene glycol-bis(P-aminoethyl ether)-N,N,N',N'-tetroacetic acid] (data not shown). Similarly, levels of secreted LktA were not responsive to changes in osmotic pressure as tested by growth in YT medium supplemented with 50, 100, 150, or 200 mM NaCl (data not shown).
Modulation of lkt-specific transcription. The immunoblots in Fig. 6 are useful only as a screen in the analysis of A B 30 35 Modulation of Ikt-specific expression as shown by autoradiogram of RNA samples extracted under the conditions indicated, separated by a 1.0% agarose gel, and hybridized with the IktCABD probe. P. haemolytica was grown at 30°C in BHI medium, at 37°C in BHI modified to pH 6.5, or in BHI supplemented with 100 ,uM EDDA until early log phase and then shifted to normal BHI. The RNA was extracted at the times indicated along the top of the autoradiogram. RNA extracted from P. haemolytica grown in BHI and BHI supplemented with 1 mM EGTA was included as a control, as indicated. Temp, RNA extracted from the 30 to 37°C shift; pH, RNA extracted from the pH 6. leukotoxin secretion. To determine if the modulation of LktA synthesis occurred at the level of transcription, the effect of these growth conditions on the level of Ikt-specific transcription must be characterized. P. haemolytica was grown under restricting conditions (i.e., growth either at 30°C in BHI or at 37°C in BHI modified to pH 6.5 or supplemented with 100 ,uM EDDA) until early-log phase, and RNA was extracted from a sample of the culture. The remainder of the culture was shifted back to normal growth conditions, and RNA was extracted at 5-and 15-min postshift intervals. As a control, RNA was extracted from P. haemolytica grown in either BHI or BHI plus 1 mM EGTA, conditions under which levels of secreted LktA were not modulated (Fig. 6D, 7, and 8) .
Northern blots of the RNA samples indicated that under the three restrictive conditions tested, the levels of Iktspecific transcripts were reduced to various degrees (Fig. 7) . The most dramatic change in expression was in the cultures under Fe2+ stress induced by 100 ,uM EDDA. Prior to restoration to normal growth conditions, only trace levels of lkt-specific transcripts were present, and expression rapidly increased after the cultures were shifted to unmodified BHI (Fig. 7) . A similar pattern was observed in the cultures restored from growth at 30°C and pH 6.5, although the level of Ikt-specific transcripts under these conditions were somewhat higher than in the Fe2'-stressed condition (Fig. 7) . In all three cases, the level of transcription was reduced during growth under conditions which modulated LktA expression and was increased after return to normal growth conditions, so that at 15 min postshift, the quantity of Ikt-specific transcripts approached that seen in the control BHI and BHI plus 1 mM EGTA samples.
The observation that Ikt-specific transcripts were present at higher levels during growth at 30°C and pH 6. Shown is a 10% SDS-polyacrylamide gel containing trichloroacetic acid-precipitated supernatant proteins from P. haemolytica grown under the conditions indicated and stained with Coomassie Blue. Cultures were grown at 37°C in BHI medium or BHI supplemented with 1 mM EGTA, at 30°C in unmodified BHI, and at 37°C in BHI modified to pH 6.5 or supplemented with 100 ,M EDDA. The proteins precipitated from sterile BHI medium are included as a control (lane C). The position of LktA is indicated, and the molecular size standards are indicated in kilodaltons down the right side.
conditions. The immunoblots in Fig. 6 may be misleading with respect to the true level of secreted LktA, since it is difficult to contrast conditions under which only low levels of LktA are secreted. Figure 8 is an SDS-polyacrylamide gel showing the total proteins secreted by P. haemolytica and may be a more valid comparison of the LktA secreted under each growth condition, since it was necessary to overload each lane with LktA in order to visualize the other secreted proteins. It is clear that some LktA was being secreted under each of the restrictive conditions, with slightly more present in the samples grown at 30°C and pH 6.5 than in the sample grown in 100 ,uM EDDA. These data correlated with the slightly elevated level of Ikt-specific transcripts at 30°C and pH 6.5 compared with growth under Fe2" limitation. Therefore, in all three cases, modulation of leukotoxin expression was at the level of transcription.
There was no simple correlation between growth rate and the level of leukotoxin expression, which argues against a trivial explanation of these results; the doubling times of P. haemolytica during growth at 30°C, pH 6.5, 100 ,uM EDDA, control BHI, and 1 mM EGTA were 56, 35, 60, 35, and 48 min, respectively. These results imply the existence of a discrete regulatory mechanism which apparently modulates expression of the leukotoxin determinant in response to environmental conditions. Modulation of the expression of other secreted proteins. As a preliminary step in determining if the expression of other secreted proteins was modulated by conditions similar to those affecting the leukotoxin, profiles of proteins from the P. haemolytica culture supernatant were characterized. An SDS-polyacrylamide gel of trichloroacetic acid-precipitated proteins from cultures grown under the three restricting and two control conditions described above is shown in Fig. 8 . The expression of a number of proteins in addition to LktA was affected, which suggests that their respective genes may be modulated by a mechanism similar to that implicated in leukotoxin expression.
DISCUSSION
A model for the expression of the leukotoxin determinant is presented in Fig. 9A . Once initiated at either of the promoters (P1 or P2), transcription continued through IktC and lktA to the lktA-lktB intercistronic space, where a previously described rho-independent transcriptional termination signal is located (T1). This signal attenuated further expression of the determinant by terminating approximately 90% of the transcription to generate the 3.7and 3.4kb lktCA transcripts. The remaining readthrough transcription continued through lktB and lktD to a second rho-independent transcriptional termination signal 12 bp downstream of the IktD stop codon (T2), generating the 7.4and 7.1-kb IktCABD transcripts. There were no other detectable transcripts involved in the expression of the determinant, and since a unique lktBD transcript was not detected, the previously described promoterlike element in the lktA-iktB intercistronic space is nonfunctional (33) . This region also contains the transcriptional terminator-attenuator (T1) and is likely a remnant of a prior gene fusion event that occurred in the formation of the RTX family of toxin determinants (33, 38) . Throughout the dissemination and evolution of the determinants, the activity of the transcriptional terminator-attenuator was conserved, whereas the activity of the promoter was lost.
The expression of the leukotoxin determinant is nearly identical to that of the chromosomally encoded E. coli hemolysin determinant cloned on pSF4000 (38) , the prototypical member of the RTX family of cytotoxins (Fig. 9B ). This hemolysin determination is expressed mainly from one promoter upstream from hlyC, with the activity of a second promoter being poorly characterized (38) . Attenuation of the expression of hlyB and hlyD is accomplished by a mechanism presumably identical to that of the leukotoxin determinant, although the transcriptional termination signals involved are not homologous (5, 33) , and a similar pattern of hlyCA and hlyCABD transcripts is generated. The use of transcriptional termination signals to attenuate downstream gene expression is widespread and occurs not only in intercistronic regions, with the rplKAJL-rpoBC gene cluster serving as an additional example (30) , but also, and more commonly, adjacent to transcriptional start sites, as in the highly characterized trp and his operons (19, 39) .
Expression of the hemolysin determinant encoded on plasmid pHlyl52 and cloned on pANN202-312 (and its related constructs) is more complex than that of the chromosomally encoded hemolysin and leukotoxin determinants. A cis-acting element that enhances expression of the plasmid-encoded determinant is located 1.8 kbp upstream from hlyC (35) (Fig. 9C ). This element, termed hlyR, does not alter the activity of any of the three promoters that are present upstream from hlyC but rather increases the expression of hlyB and hlyD so that more hemolysin is secreted (20) . The mechanism used by hlyR is not clear, but it may involve antitermination of transcription such that no attenuation of expression occurs in the hlyA-hlyB region, and nearly all of the transcripts are full-length hlyCABD (20, 38) . With respect to the leukotoxin determinant, the region of DNA 3 kbp upstream from lktC has been sequenced, has no homology with hlyR, and does not increase the expression of the cloned leukotoxin in E. coli (unpublished results). Further, the leukotoxin determinant is encoded on the P. haemolytica chromosome, and the pattern of transcription differs from that of the plasmid-encoded hemolysin determinant, which supports the hypothesis that there is no analagous cis-acting IktR element involved in leukotoxin expression.
In addition to their patterns of transcription, the leukotoxin and hemolysin determinants are also similar in that expression involves multiple promoters (22, 38) . Two promoters have been identified for the leukotoxin, whereas three are active in expression of the plasmid-encoded hemolysin (22) . The activities of multiple promoters are not clearly resolved for the chromosomally encoded hemolysin. Welch and Pellett (38) determined that only a single promoter upstream from hlyC is fully active, with a second, residual promoter located 200 bp downstream; however, hlyB hlyD I u-. PR a 1-1 -W -Ĵ A their analysis failed to detect two of the three promoters of the plasmid-encoded hemolysin, casting some doubt on the case for a single promoter for the chromosomally encoded hemolysin. In any event, wherever multiple promoters have been identified in this family of determinants, their spacings are quite large, with distances of approximately 260 bp for the leukotoxin and 90 and 100 bp for the plasmid-encoded hemolysin (22) . Such spacings may reflect functional requirements to facilitate the simultaneous expression of multiple promoters and prevent promhoter occlusion. If this were the case, then the long 5' untranslated region present in the transcripts from the promoters furthest upstream from 1ktC-hlyC (290 bp for the leukotoxin, 256 and 166 bp for the plasmid-encoded hemolysin [22] , and 462 bp for the chromosomally encoded hemolysin [38] ) merely reflects optimal promoter spacing and has no significant role in extending transcript life as has been suggested (38) . Note that the transcripts from the promoters closest to lktC-hlyC have 5' untranslated regions of only 32 bp for the leukotoxin and 69 bp for the plasmid-encoded hemolysin determinants (22) . The expression of a third closely related hemolysin from Proteus vulgaris involves only a single promoter, and the transcripts generated have a 5' untranslated region of only 29 bp (22) , which further strengthens the hypothesis that a long 5' untranslated region is not required for expression of the hemolysin or leukotoxin determinants. The regions of DNA flanking the core -10 Pribnow box and -35 RNA polymerase binding site (14) are different for each promoter, which suggests that the activity of individual promoters within each determinant may be differentially regulated to facilitate the fine-tuning of expression. Several regulatory systems in which multiple or tandem promoters are controlled differently have been characterized, including those responsive to heat shock (8), ppGpp (17) , cyclic AMP-receptor protein (1), and Fe2+ limitation (4, 11) .
The regulation of hemolysin expression from E. coli is poorly characterized, yet the striking growth phase dependency suggests that expression may be governed by mechanisms which relate to the control of cell growth rate (16) . The expression of the leukotoxin is modulated by growth at 30°C, pH 6.5, and available Fe2 . Under all three conditions, modulation occurs at the level of transcription, most notably during growth under Fe2+ limitation. A previous report indicated that Fe2+ levels are important in the expression of the leukotoxin, although the relationship between Fe2+ availability and LktA synthesis was not determined (9) . By using EDDA as a chelator, the modulation of lkt-specific expression at low levels of Fe2+ was clearly demonstrated. This contrasts with the more common form of Fe2+ regulation of bacterial cytotoxins, such as of diphtheria toxin (34), Shiga-like toxin (3), and exotoxin A (2), in which expression is modulated at high levels of available Fe2 .
The expression of virulence factors by bacterial pathogens in response to environmental changes has been studied in only a few systems, yet common themes are beginning to emerge. For example, trans-activation of expression by vir and mod of B. pertussis (18) , toxR of Vibrio cholerae (29) , and regA of Pseudomonas aeruginosa (6) has been shown to be a positive control(s) of expression for virulence operons. Repression of expression has also been shown to modulate individual operons or virulence factors, such as with the Fe2'-regulated cytotoxins mentioned previously, whose expression is modulated by the Fur repressor (13) . In some pathogens, individual virulence factors are not associated with any unifying regulatory mechanism, as appears to be the case with the E. coli hemolysin. Whether such a mech-anism is the general case for the rest of the RTX cytotoxins or whether each cytotoxin, and P. haemolytica in particular, has a discrete regulatory mechanism that relates to other virulence factors (7, 28) remains to be established.
